Although vesicular trafficking is essential for a large variety of cellular processes, the regulation of vesicular trafficking is still poorly understood. Members of the Rho family of small GTPases have recently emerged as important control elements of many stages of vesicular trafficking, providing new insight into the regulation of these events. We will discuss the diverse roles played by Rho proteins in membrane trafficking and focus on the biological implications of these functions.
constitutively active mutant of Pak stimulates pinocytosis, whereas the autoinhibitory domain of Pak inhibits Rac-induced pinocytosis. Interestingly, activated Pak also enhances the recycling of pinosomes to the plasma membrane. Macropinocytosis is an actin-dependent process, and the Lim-domain-containing protein kinase (LIMK) is a Pak substrate that may mediate Pak-regulated actin dynamics in macropinosome formation. Pak can directly phosphorylate LIMK [9] , which in turn phosphorylates and inactivates cofilin [10, 11] , a protein involved in actin depolymerization. Pak also is an important signaling element in the control of cell motility [12, 13] , suggesting that Pak-regulated turnover of the plasma membrane might play a role in cell migration. We will return to the potential role of vesicular trafficking in cell migration in the last section of this review.
Macropinocytosis is also used by dendritic cells to capture antigens for subsequent presentation to CD4+ T cells. In immature dendritic cells, macropinocytosis is constitutive. Upon encountering an inflammatory stimulus dendritic cells start to mature; during this process, pinocytosis is downregulated and processing of the acquired antigens is initiated. Selected peptides are then loaded onto major histocompatibility complex (MHC) class II molecules for displaying to CD4+ cells [14] . In immature dendritic cells derived from bone marrow, macropinocytosis can be blocked by microinjection of either dominant-negative Cdc42 or Rac, while both constitutively active Cdc42 and Rac restore pinocytosis in mature dendritic cells [15] .
However, in comparison to mature dendritic cells, the immature cells display increased levels of activated Cdc42, but not Rac, suggesting that Cdc42 rather than Rac is the physiological regulator of macropinocytosis in these cells.
A different scenario is played out in spleen-derived dendritic cells, where dominant negative Rac, but not Cdc42, inhibits macropinocytosis. Microinjection of constitutively active Rac, however, fails to reactivate macropinocytosis in mature spleen-derived dendritic cells [16] . At face value, these results would suggest that the signaling events that regulate macropinocytosis in dendritic cells vary depending on the source of the cells. It also is interesting to note that Rac activity is not essential for membrane ruffling in spleenderived dendritic cells [16] . This suggests that Rac may be required for pinocytosis at a point downstream of lamellipodia formation, while other Rho family members may control membrane ruffling in these cells.
Phagocytosis
Phagocytosis plays an important role in several biological processes (for a recent review, see [17] ). In higher organisms, it is required for host defense by allowing for the uptake and subsequent degradation of pathogenic agents and contributes to immune and inflammatory responses [18, 19] . In addition, the phagocytosis of apoptotic cells is essential for tissue homeostasis and remodeling [20] . Professional phagocytosis is carried out by specialized cells such as macrophages and neutrophils, although many cell types have retained the ability to phagocytose through evolution and are known as 'non-professional' phagocytes. Phagocytosis is initiated by the binding of particle-attached ligands to specific receptors, including the Fcγ γ (Fcγ γRs) and complement (CRs) receptors. Which mode of protrusive activity and which signaling pathways become activated depends on the type of the receptor being stimulated [21, 22] . In the case of Fcγ γR-mediated phagocytosis, the cell extends pseudopods that engulf the particle and subsequently fuse to form a phagosome. The phagosome is taken up by the cell and fuses with the lysosomal compartment where the content of the phagosome is digested. In contrast to antibodycoated particles, particles that are opsonized with complement fragments sink into a phagocytic cup and are taken up without pseudopod formation. CR activation requires additional stimuli such as chemokines and integrin ligation to form the phagocytic cup.
Because of the pivotal role of actin dynamics in phagocytosis, it comes as no surprise that Rho family members have been implicated in the regulation of this process (reviewed in depth in [19, 22, 23] ). Both Cdc42 and Rac act at distinct stages of Fcγ γR-mediated phagocytosis [24] [25] [26] : Cdc42 functions during pseudopod extension, whereas Rac acts in pseudopod fusion and phagosome closure [25] . Also Rho is recruited to the site of particle attachment, but its precise role in Fcγ γR-mediated phagocytosis remains to be determined [27] . In contrast, CR-dependent phagocytosis is controlled by Rho, but not Cdc42 or Rac [26] . (Figure 1 ). In addition, the Rho effector Rhokinase (ROK) has been implicated in this process [31] , which is in keeping with the specific involvement of Rho in CR-mediated phagocytosis. Notably, inhibitors of either ROK or myosin-II interfere with the accumulation of Arp2/3 and F-actin around bound particles, indicating that the Rho à ROK à myosin-II pathway is necessary for actin cup formation. This situation differs from Fcγ γR-mediated phagocytosis, where myosin-II is only involved in phagosome internalization.
Another specialized phagocytic process is the rapid clearing of apoptotic cells, a critical and final step in programmed cell death, that prevents the induction of an inflammatory response [32] Rho proteins could also affect clathrin-mediated endocytosis via their action on the actin cytoskeleton. Evidence supporting a role for Cdc42 in clathrinmediated endocytosis has come from studies showing that an effector of Cdc42, activated Cdc42-associated kinase (Ack), interacts with the clathrin heavy chain [66, 67] . Whereas Ack1 expressed at low levels enhances transferrin receptor internalization, high levels of Ack1 have the opposite effect. Notably, both effects are independent of the kinase activity of Ack1 [66] . The interaction of Ack with clathrin competes with the binding of clathrin to AP-2, suggesting that the inhibitory effect of overexpressed Ack on receptor internalization might be a consequence of preventing clathrin recruitment to coated pits [67] . A stimulatory role for Ack in clathrin-mediated endocytosis is also in accordance with studies in C. elegans, where ARK-1, a tyrosine kinase closely related to Ack, negatively regulates epidermal growth factor (EGF) signalling during vulva development [68] , possibly by promoting internalization of the EGF receptor.
Recently, two groups, using Drosophila and mammalian systems, respectively, showed that Ack binds to and phosphorylates SH3PX1/SNX9, a member of the sorting nexin family [ Another intriguing connection between Cdc42-modulated actin dynamics and endocytic trafficking is provided by the endocytic scaffold protein intersectin. The neuronal isoform of intersectin, intersectin-long (intersectin-l), has a Dbl homology (DH) in tandem with a Pleckstrin homology (PH) domain at its carboxyl-teminus, conferring Cdc42-specific nucleotide exchange activity. Interestingly, the exchange activity of intersectin-l is stimulated by binding to N-WASP, an effector of Cdc42 that mediates actin nucleation through activation of the Arp2/3 complex [75] . In principle, this stimulatory effect of N-WASP could drive a positive feedback loop that would promote localized actin polymerization at clathrin-coated pits, the compartment to which intersectin has been localized [76] .
Support for this notion comes from a recent study on the EphB receptors in hippocampal neurons [77] . This tyrosine kinase receptor relays signals from Bephrin ligands to regulate dendritic spine development, a process that is thought to be powered by actin polymerization [78] . EphB binds to and activates intersectin-l in a cooperative fashion with N-WASP and dominant negative versions of either intersectin-l, N-WASP or Cdc42 inhibit dendritic spine formation.
Clathrin-Independent Endocytic Pathways
Rho GTPases are also involved in clathrin-independent receptor internalization. For example, the interleukin-2 (IL-2) receptor localizes to detergent-resistant membrane domains, also termed lipid rafts [79] and becomes internalized in a clathrin-independent but dynamin-dependent fashion [80] . In contrast to clathrin-mediated endocytosis, this process is inhibited by expression of dominant-negative RhoA or Rac, but is not affected by the constitutively active versions of these GTPases, indicating essential roles for both Rho and Rac in endocytosis of the IL-2 receptor.
Recently, a novel clathrin-independent pathway for the internalization of glycosylphosphatidylinositolanchored proteins has been described [81] . This pathway is also responsible for a major fraction of fluidphase uptake and is distinct from macropinocytosis that is stimulated by growth factors or developmentally regulated pinocytosis such as observed in dendritic cells. Notably, this pinocytic pathway is specifically mediated by Cdc42, as it is inhibited by expression of a dominant-negative Cdc42, but is unaffected by dominant-negative forms of either Rac or Rho.
Exocytosis
In secretory cells, material to be exported, such as neurotransmitters, peptides or ATP, is stored in secretory vesicles that are released to the cell exterior during exocytosis. Secretory vesicles are present in at least two compartments, including a 'rapidly releasable pool' (RRP) and a 'slowly releasable pool' (SRP). Stimulus-induced reorganization of the actin cytoskeleton is thought to play an important role in exocytosis [82] [83] [84] . On one hand, actin filaments could act as a diffusion barrier between the SRP and RRP pools. On the other hand, they could provide tracks aiding in vesicle transport to exocytic sites. In addition, secretory vesicle-associated actin polymerization could serve as a propelling force for vesicle transport. The precise role of actin dynamics in IgE-induced degranulation remains to be clarified [91, 92] . In permeabilized mast cells, activated Rho stimulates calciuminduced cortical F-actin disassembly and participates in antigen-induced degranulation at a point downstream of calcium influx, presumably at the level of the RRP pool. These two activities, however, are mediated via distinct signaling pathways [91] , as Rho-stimulated actin reorganization is Rock-dependent, whereas Rhoinduced secretion is not.
Mast cell degranulation

Glut4 trafficking
An important aspect of the anabolic action of insulin is the stimulation of glucose uptake via the Glut4 transporter [93] . In the resting state, most of the Glut4 resides in a specialized membrane compartment. 
Insulin triggers a signaling cascade that is mediated by the Rho family member TC10 and results in transport of Glut4 to the plasma membrane via targeted exocytosis (Figure 3). Insulin-stimulated signaling mechanisms that lead to the activation of TC10 have recently been elucidated [93]. Ligation of insulin receptors leads to the recruitment of Cbl via the adaptor protein containing PH and SH2 domains (APS). Cbl in turn recruits
Functional Implications of Vesicular Trafficking Regulated by Rho GTPases
Cell Migration
Rho GTPases play a critical role in the regulation of cell motility and invasion largely due to their direct action on actin dynamics and acto-myosin contractility [112, 113] . Although the precise function of vesicular trafficking in cell migration has been debated for a long time [114, 115] , accumulating evidence reveals that facilitated recycling of cell adhesion molecules is important for membrane protrusion and cell migration. For example, recycling of the α αvβ β3 integrin from early endosomes mediated by the Rab4 GTPase has been shown to be necessary for the adhesion and spreading of fibroblasts on vitronectin [116] , whereas the oriented recycling of α αvβ β1 has been implicated in the migration of neutrophils [117] . There is also evidence that L1, a member of the immunoglobulin superfamily of cell adhesion molecules, undergoes endocytosis preferentially at the central domain of growth cones and subsequently is recycled to the leading edge, thus establishing an adhesive gradient that contributes to neurite outgrowth [118] . It is, therefore, conceivable that Rho GTPases could regulate cell migration by coordinating both vesicular trafficking and actin dynamics. This notion is illustrated by the functional analysis of RhoD, a Rho protein that localizes both to the plasma membrane and early endosomes [119] . Expression of a constitutively active form of RhoD inhibits both the motility of early endosomes and cell migration [120, 121] . A causal relationship between these two events remains to be established, however.
Matrix metalloproteinases (MMPs) play a critical role in breakdown and remodeling of the extracellular matrix. It is interesting to note that endocytosis is an important regulatory mechanism that controls the Current Biology activity of MMPs [122, 123] . This suggests that Rho GTPase-regulated trafficking of MMPs may contribute to the role of these GTPases in cell motility and invasion.
Cell-Cell Junctions and Epithelial Cell Polarity
Rho GTPases also seem to play a role in the establishment of cadherin-based adherens junctions [124] , during which E-cadherin is internalized, probably via clathrin-dependent endocytosis, and recycled to the basolateral membrane. As this process has been implicated in the formation and stability of adherens junctions [125] , inhibition of E-cadherin cycling by Rho GTPases could stabilize adherens junctions. In support of this notion, expression of constitutively active versions of Rac1 or RhoA in MDCK cells blocks the disassembly of adherens junctions and endocytosis of E-cadherin caused by hepatocyte growth factor (HGF) or phorbol esters [126] . However, this picture is complicated by the finding that activated Rac1 induces the disassembly of adherens junctions in keratinocytes and that this is also accompanied by E-cadherin internalization [127] . Therefore, the role of Rac in E-cadherin cycling is probably cell type dependent.
In polarized epithelial cells, membrane proteins and lipids segregate into two distinct compartments, the apical and basolateral domains. 
